The invasion of sewer pipes by tree roots is a major cost to both the corporations managing urban infrastructure and to private landowners. There are a number of factors that may result in the growth of roots into and around the pipes. These include pipe material factors such as degradation of aging pipes and damage caused to pipes and environmental factors such as site conditions, tree proximity and tree species. Research into these issues will help in developing more efficient methods of controlling root invasion, benefiting both the management of sewer flow and the urban landscape. A study of root invasions in suburban Melbourne was carried out to examine relationships between site factors and root blockages. 
INTRODUCTION
The degree of harmony between trees and urban infrastructure depends on the levels of understanding of how, why and when tree root damage arises and what prevention strategies are available. Tree impacts on infrastructure such as sewers can be a major cost to the managers of utilities and other urban infrastructure managers (Schrock 1985; Baker, 1980; McPherson and Peper 1996) .
Soil disturbance during installation creates pathways for roots to grow from the surface towards the pipe. Essentially, these root growth corridors contain favourable sized pores that can hold water and air, similar those found in topsoil. If pipes have been damaged and leak, then root growth will eventually exploit such regions. Tree roots, incorrect installation procedures, other underground service operators or material degradation, may all cause damage. This paper reports on a study, which investigated the factors associated with sewer blockage in metropolitan Melbourne and which investigated techniques that could be used to minimise tree root growth in disturbed soils such as found near sewer pipes.
MATERIALS AND METHODS
The survey was conducted in two parts. The first was an investigation of site factors associated with tree root blockages in the year 1999 by South East Water (SEW).
Sites where blockages had occurred were visited and specific information about the site recorded. The second part was an analysis of factors associated with tree root blockages that occurred in the four years 1997 to 2000. This component of the study did not involve site visits but it used the available information on blockages recorded by SEW. The study of 1999 blockages recorded data on trees, geology and soil. The study of 1997-2000 blockages examined a range of factors that may have influenced blockages.
In December 1999, a site with 85 trees planted in four rows was selected at Burnley College. The trees were Eucalyptus globulus, Eucalyptus saligna, Eucalyptus camaldulensis, Eucalyptus melliodora and Populus canescens. Holes were dug the trees and then soil sections were then were backfilled with treated sandy loam soil. The treated soil section was watered and fertilised periodically to simulate a soil that is situated close to a leaking pipe. The concept of this experiment was based on studies by Nazer and Clark (1982) and Wagar and Barker (1993) . There were twelve treatments (nine chemical, two physical, and one control (no treatment)). The treated cores were excavated after 177 days and the root mass in each was measured. The treatments used are displayed in Table  1 . The cement slurry and compaction are categorised as 'physical treatments' because they act as a physical barrier to root growth. There were five replicates of each treatment.
RESULTS

Analysis of Tree Characteristics (1999)
A total of 125 root blockage sites were visited, 117 of which had trees that may have caused the blockages. The remaining 8 could not be accessed or no trees were present and data from these sites were excluded from this analysis. Fig. 1 shows the percentage of recorded blockages in relation to distance between the nearest tree and blockage. Table 2 shows the percentage of each genus found near a blockage where there was only one tree in the vicinity (N=34). The data is sorted in order from highest to lowest of the percentage of blockages.
The data for sites where multiple trees were present was similar to that where one tree was present.
Analysis of Geology and Soil Characteristics at Blockage Sites (1999)
Table 3 displays the percentages of blockages for different topsoils found in the vicinity of the 123 inspected sites where blockages had occurred. An analysis of regression was made between 'stoppages per month' and the variables; 'monthly total evaporation', 'monthly average temperature', 'monthly total flow rates' and 'monthly total rainfall'. Pearson correlation and P-Values for predicting 'stoppages per month' and these four variables are displayed in Table 4 . The results indicated that there might be some relationship between stoppages per month and temperature and evaporation. Figure 3 shows the relationship between the year the pipes were laid and the occurrence of blockages for concrete and vitreous clay (VC) pipes. Tables 5, 6 , 7 and 8 show the percentages of blockages occurring for a number of factors compared to their relative frequency of use in the environment. Figure 4 shows mean dry root mass for all treatments except for cement slurry and lime 5x treatments. The lime 5x and cement slurry treatments appeared to have similar amounts of root growth to the copper sulphate treatments and are therefore considered to have significantly less growth than the control.
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DISCUSSION
Analysis of 1999 Data
The majority (67 %) of tree-to-blockage distances were less than 6 m. McCombie (1993) states that the possibility for a tree to cause a blockage is related to its height, as height is more or less considered proportional to root extent. The closer the tree, the more likely invasion could occur.
Research has found that roots are able to extend two to three times (Miller and Neely 1993) and sometimes up to seven times the height of the tree (Gilman 1989) . This is modified by species, individual tree characteristics, soil type, climate and cultural practices (Kozlowski 1971) . 98 % of tree-to-blockage distances were less than approximately twice the height of the candidate tree. Approximately 90 % of candidate trees were 4 m or higher suggesting that pipes within 4 m to 12 m of these trees could be susceptible to blockage.
The genera identified as being most likely to have caused blockages were Eucalyptus and Melaleuca species. The recording of tree genera near a blockage may be more due to planting frequencies rather than an indication that these species cause more pipe blockages, though it should be noted that these genera are very successful in the urban landscape. This success may be due to the ability of their roots to exploit the soil environment.
In this survey, 84 % of the blockages were caused by tree roots growing deeper than 1m. Ninety percent of blockages occurred with pipes that were laid at depths ranging from <1m to 3m and 60 % laid at depths ranging from <1 m to 2 m. The literature describes the majority of tree roots (usually 99 %) as being typically concentrated within the top metre of the soil profile (Gilman 1990; Perry 1982) , so the conditions of the soil around these pipes must have been suitable for root growth i.e. properties such as favourable water, air and nutrient levels. Perry (1982) states that roots are able to grow deeper in well drained soils or by following channels through the soil profile. The disturbance of the soil after a pipe has been laid increases the number of different sized soil pores, resulting in useful water and oxygen reservoirs. The soil disturbance involved in installing a sewer pipe creates a more penetrable soil medium which can facilitate root growth. As observed by Stål and Kaj (1998) , this actually directs roots towards the pipe. The majority of blockage counts were associated with vitreous clay pipes, pipes that were 150 mm in diameter, and 30 to 60 year old pipes.
Analysis of Geology & Soil Characteristics (1999)
Sixty-eight percent of blockages that occurred during 1999 were in the regions of tertiary geology. The soil types in these geological zones are either dark grey sand over clay or deep sands free of lime (Van de Graaff and Wootton 1996) . Soil data collected while inspecting blockage sites confirmed that the majority of 1999 blockages had occurred at sites with sandy topsoils. Eighty-eight percent of the sites had topsoil that ranged from clayey sand to sand. In summary, the majority of sites where blockages occurred had either well-drained sandy soil or a sandy soil over mottled compact clay. Given the type of soil that exists in the area studied, roots would be capable of growing quite deeply (Gilman 1989, Wagar and Barker 1983) . This would be more pronounced in the vicinity of sewer pipes because of the 'cultivation' process of the soil due to installation of the pipes. Coder (1998) argues that roots can be directed to specific regions, away from infrastructure, by creating channels or regions with good water, air and nutrient availability. Soil resources in the vicinity of the infrastructure should be limited. In addition to the improved physical properties of soil in the sewer trenches, there may also be chemical fertility improvements. These soil types are poor to extremely poor in nutrients. Roots would naturally benefit from exploiting a leaking sewer through the provision of readily available nutrients and water. These results call into question the basic sewer installation practices used in Melbourne.
Field trial treatments which resulted in significantly less root growth than the 116 control were dichlobenil (5x and 1x), copper sulphate (5x and 1x), lime (5x and 1x), oryzalin (5x), trifluralin (5x) and cement slurry. The lower concentrations of copper sulphate, dichlobenil and lime were as effective at reducing root growth as the higher concentrations. Some root growth with soil cores that were treated with dichlobenil and copper sulphate was found on the outer edges of the cores. The majority of root growth was found directly under the mulch layer and growing down through the middle of the cores that were treated with lime, oryzalin and trifluralin. The surface soil directly under the mulch would be exposed to greater dynamic conditions such as biological activity and temperature than what would be found deeper. If the chemicals were placed deep in the ground they would most likely be exposed to more stable environments and are likely to be degraded slower. It appears that root growth followed the passage of water from the drippers with lime, oryzalin and trifluralin treatments. The soil regions that were under higher moisture and nutrient levels (directly beneath the drippers) may have altered the performance of the chemicals. The lime 1x treatment set like mortar and the lime 5x treatment set like concrete. The lime treatments inhibited root growth by increasing soil strength above the force that the roots were able to exert. It is hypothesised that the change in structure and increase in soil strength were the main reasons that root growth was inhibited with the lime treatments.
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Note: Treatments shaded darker have significantly less root growth than the control.
